Staphylococcus aureus exhibits a strong capacity to attach to abiotic or biotic surfaces and form biofilms, which lead to chronic infections. We have recently shown that Esp, a serine protease secreted by commensal Staphylococcus epidermidis, disassembles preformed biofilms of S. aureus and inhibits its colonization. Esp was expected to degrade protein determinants of the adhesive and cohesive strength of S. aureus biofilms. The aim of this study was to elucidate the substrate specificity and target proteins of Esp and thereby determine the mechanism by which Esp disassembles S. aureus biofilms. We used a mutant Esp protein (Esp S235A ) with defective proteolytic activity; this protein did not disassemble the biofilm formed by a clinically isolated methicillin-resistant S. aureus (MRSA) strain, thereby indicating that the proteolytic activity of Esp is essential for biofilm disassembly. Esp degraded specific proteins in the biofilm matrix and cell wall fractions, in contrast to proteinase K, which is frequently used for testing biofilm robustness and showed no preference for proteolysis. Proteomic and immunological analyses showed that Esp degrades at least 75 proteins, including 11 biofilm formation-and colonization-associated proteins, such as the extracellular adherence protein, the extracellular matrix protein-binding protein, fibronectin-binding protein A, and protein A. In addition, Esp selectively degraded several human receptor proteins of S. aureus (e.g., fibronectin, fibrinogen, and vitronectin) that are involved in its colonization or infection. These results suggest that Esp inhibits S. aureus colonization and biofilm formation by degrading specific proteins that are crucial for biofilm construction and host-pathogen interaction.
S
taphylococcus aureus is a major cause of community-and hospital-associated infectious diseases in humans, ranging from minor skin infections, such as furuncles and boils, to severe infections, such as pneumonia, osteomyelitis, endocarditis, and sepsis (1) . Colonization of the nose by S. aureus represents a major risk factor for these infections (2) . In recent years, the rapid emergence of virulent strains resistant to many antibiotics, such as methicillin-resistant S. aureus (MRSA), has become a major problem worldwide (3) . S. aureus exhibits a strong capacity to attach to the surface of implanted medical devices and forms multilayered communities of bacteria called biofilms (4) .
Biofilm formation proceeds in two distinct phases: primary attachment and proliferation (5) (6) (7) . In the human body, the attachment directly to the surface of implanted medical devices or human extracellular matrix (ECM) and plasma proteins, such as fibronectin (Fn), fibrinogen (Fg), and vitronectin (Vn), is the first step of S. aureus biofilm formation (8) . Then, proliferation proceeds through the production of biofilm matrices that contribute to bacterial accumulation in multiple layers. In staphylococcal biofilms, cells are embedded in extracellular matrices composed of proteins, polysaccharides (polysaccharide intercellular adhesin [PIA] or poly-N-acetylglucosamine [PNAG] ), extracellular DNA (eDNA), and, presumably, host factors. Some surface proteins, such as major autolysin (Atl) (9, 10) , biofilm-associated protein (Bap) (11) , clumping factors (ClfA and ClfB) (12) , ECM proteinbinding protein (Emp) (13) , Fn-binding proteins (FnBPA and FnBPB) (14, 15) , S. aureus surface proteins (SasC and SasG) (16, 17) , and staphylococcal protein A (Spa) (18) , have been identified in S. aureus as being important in cell-to-cell and cell-to-surface interactions. Recently, ␤-toxin, a neutral sphingomyelinase, was found to have a structural role in S. aureus biofilm matrix, in cooperation with eDNA from lysed cells (19) . Staphylococcal biofilms display extraordinary resistance to antimicrobial killing, limiting the efficacy of antibiotic therapy, and surgical intervention is often required to remove infected tissues or medical devices, such as catheters and orthopedic implants. S. aureus is therefore a frequent cause of biofilm-associated infections, which are a tremendous burden on our health care system. The prevention of biofilm-associated infections of S. aureus is a major goal of hospital infection control.
Recently, we have reported that Esp, a serine protease produced by a Gram-positive commensal bacterium, Staphylococcus epidermidis, inhibits S. aureus nasal colonization and biofilm formation and disassembles preformed S. aureus biofilms (20) . This biofilm-degrading enzyme is effective against biofilms formed by MRSA and vancomycin-intermediate S. aureus (VISA). These findings attracted us to develop an innovative strategy for controlling the colonization and infection of the pathogen by using Esp or its derivatives. However, how Esp inhibits nasal colonization and biofilm formation of S. aureus and disassembles preformed biofilms has largely been unknown. Since Esp is an extracellular serine protease (20) (21) (22) (23) , we hypothesized that Esp degrades various proteins, including determinants for the adhesive (adhesion to were grown in MT medium (1% glucose, 1% peptone, 0.5% meat extract, 0.2% yeast extract, 0.001% FeSO 4 · 7H 2 O, 0.001% MnSO 4 · 4H 2 O, 0.0001%, ZnSO 4 , 20 mM MgCl 2 ) supplemented with 10 g/ml neomycin (MTNm) at 30°C under shaking conditions at 150 rpm for 4 days. The cultures were incubated in standing glass tubes at room temperature for 3 h, and cell aggregations were observed. For the biofilm formation assay, these strains were grown in MTNm at 30°C under shaking conditions at 150 rpm for 2 days. The cultures were then diluted 100-fold in fresh MTNm, and the diluted cultures (200 l) were incubated at 30°C under static conditions in 96-well polystyrene plates (Corning) for 2 days. After the incubation, the plates were gently shaken to remove the deposited bacteria and the culture media were discarded. After twice washing with PBS, biofilms were stained with 0.25% safranin and eluted with 70% ethanol (200 l). The absorbance at 492 nm of the ethanol extract was measured using a microplate reader (Tecan). Assays were performed in triplicate.
Biofilm destruction assay. Biofilms of various S. aureus strains formed in 35-mm-diameter polystyrene dishes were incubated with the indicated proteases, 5 g/ml Esp, 5 g/ml thermolysin, 5 g/ml proteinase K, and 5 g/ml papain, in 100 mM Tris-HCl (pH 8.0) at 37°C for the indicated periods. After the incubation, the dishes were gently shaken and the supernatants were discarded. The dishes were then washed twice with 10 mM Tris-HCl (pH 8.0) and dried under atmosphere. The pictures of the dishes were taken by digital camera. Profiles of the fractionated proteins were analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) with Coomassie brilliant blue (CBB) staining.
Isolation of biofilm matrix proteins, cell wall-anchoring proteins, and cytoplasmic proteins. S. aureus proteins were fractionated into biofilm matrix, cell wall, and cytoplasmic fractions. Biofilms of various S. aureus strains formed in the test dish were detached by mixing with washing buffer composed of 10 mM Tris-HCl (pH 8.0) and protease inhibitor cocktail (Nacalai) and transferred into a test tube. If required, the biofilm was mechanically peeled away from the surface of the test dish. The yielded biofilm was shaken by vortexing and centrifuged at 5,000 ϫ g for 10 min (washing fraction). The supernatant was transferred into a new test tube. The pellet was dissolved in a matrix extraction buffer composed of 10 mM Tris-HCl (pH 8.0), 1 M NaCl, and protease inhibitor cocktail, and the mixture was incubated at 25°C for 30 min with gentle rotation (biofilm matrix fraction). After the incubation, the mixture was centrifuged at 5,000 ϫ g for 10 min and the supernatant was transferred into a new test tube. The fractionated proteins were analyzed by SDS-PAGE. If required, dispersin B (0.2 mg/ml) was added to the biofilm matrix fraction to check for components of the insoluble materials in the fraction. The pellet was dissolved in a cell wall-anchored protein extraction buffer composed of 10 mM Tris-HCl (pH 8.0), 25% sucrose, 0.2 mg/ml lysostaphin, and protease inhibitor cocktail and incubated at 37°C for 30 min under static conditions. After the incubation, the mixture was centrifuged at 15,000 ϫ g for 10 min and the supernatant was transferred into a new test tube (cell wall fraction). For the analysis of cytoplasmic proteins, the pellet was dissolved in 10 mM Tris-HCl (pH 8.0) and protease inhibitor cocktail and sonicated. After centrifugation at 15,000 ϫ g for 10 min, cytoplasmic soluble proteins were recovered (cytoplasmic fraction).
Cell surface proteins, which were degraded by various proteases, were also fractionated from S. aureus biofilms and analyzed by SDS-PAGE as described above.
Scanning electron microscopy. Structures of S. aureus SH1000 biofilms with or without 1 M NaCl treatment and the NaCl-extracted biofilm matrix were observed by scanning electron microscopy according to the method previously reported (25) .
Cell aggregation and biofilm promotion by addition of the NaCl extract from S. aureus biofilms. S. aureus MS4 was grown in BHI medium at 37°C overnight. The overnight culture was diluted 50-fold in BHI medium supplemented with or without 1 M NaCl extract (100 l) from SH1000 biofilms as described above. NaCl (1 M, 100 l) was also used instead of the NaCl extract. These diluted cultures were incubated at 37°C for 1 h in 35-mm-diameter polystyrene dishes. After the incubation, the dishes were gently shaken and the culture media were discarded. The plates were then washed twice with PBS buffer and dried under atmosphere. The remaining biofilms were stained with 0.1% crystal violet.
Identification of proteins. Cell surface proteins (biofilm matrix and cell wall fractions) isolated from S. aureus MR23 biofilms were separated by one-dimensional (1D) SDS-PAGE. The major protein bands with apparent molecular masses of 60 kDa and 15 kDa were identified by N-terminal amino acid sequence analyses as described previously (20) . Topdown proteomic analysis was also performed to identify proteins that are degraded by Esp (details are described in the supplemental material).
Promotion of S. aureus biofilm formation by exogenously supplemented recombinant proteins. Single colonies of S. aureus MS4 were grown in 5 ml BHI medium at 37°C overnight. The overnight cultures were 1,000-fold diluted in 5 ml BHIG medium supplemented with the indicated concentrations (0.05 to 1 M) of purified Eap and Efb, and the diluted cultures were then placed into 96-well polystyrene plates. The plates were incubated at 37°C for 24 h under static conditions. After the incubation, the plates were gently shaken and the culture media were discarded. The plates were then washed twice with PBS buffer and dried under atmosphere. The remaining biofilms were stained with 0.1% crystal violet, and the absorbance at 595 nm was monitored using a microplate reader (Tecan). Assays were performed in triplicate.
Western blotting. Eap in the biofilm matrix fraction of S. aureus MR23 was detected by Western blotting. Anti-Eap polyclonal antibody (primary antibody; Abcam) and goat anti-rabbit IgG-horseradish peroxidase (HRP; secondary antibody; Bio-Rad) were diluted 1,000-and 200,000-fold, respectively, in Tris-buffered saline (TBS)-Tween (TBS-T; 20 mM Tris-HCl, pH 7.6, 137 mM NaCl, 0.1% [vol/vol] Tween 20). Samples were separated by SDS-PAGE and transferred to an Immobilon-P membrane (Millipore Corp.). To block unspecific interactions with IgGbinding proteins, the membrane was incubated for 1 h with 5% (vol/vol) goat serum (Sigma) dissolved in TBS buffer containing 0.3% (wt/vol) bovine serum albumin (BSA; Sigma) as previously described (26) . Spa in S. aureus MR23 biofilm matrix and cell wall fractions was detected using rabbit IgG (Sigma) and goat anti-rabbit IgG-HRP (Bio-Rad). The primary antibody and secondary antibody were diluted 20,000-fold in TBS-T. Samples were separated and transferred as mentioned above. The membranes were incubated for 1 h with 3% BSA (Sigma) in TBS-T. The membrane was treated with the primary antibody at 25°C for 1 h and then washed twice with TBS-T. Subsequently, the membrane was incubated in TBS-T containing the secondary antibody. After washing three times with TBS-T, the immunoreactive signals were detected with an ECL-plus detection kit (GE Healthcare).
Degradation of purified proteins by Esp in vitro. Purified staphylococcal proteins, including Eap and Spa, and human proteins, including Fg, Fn, Vn, and Hg (1 M each), were incubated with or without 1 M Esp in PBS buffer at 37°C. At the indicated time points, aliquots (10 l) of the solutions were collected and mixed with 10 l of 2ϫ SDS sample buffer (150 mM Tris-HCl [pH 6.8], 4% SDS, 20% glycerol, 10% 2-mercaptoethanol). Proteins were analyzed by SDS-PAGE (12% gel) and visualized with CBB staining. If required, the band intensity on the gel was estimated using an ImageQuant system (GE Healthcare).
Fluorescence microscopy. S. aureus RN4220 (27) was used for modification of recombinant plasmids generated in E. coli. S. aureus MR23 was transformed with pEap-GFP or pP1GFP, both of which were extracted and purified from RN4220. These transformants were inoculated into BHI medium containing 50 g/ml neomycin and cultured at 37°C overnight. The overnight cultures were 1,000-fold diluted in BHIG medium supplemented with 50 g/ml neomycin and further incubated at 37°C under static conditions. At the indicated times, cell morphology and localization of Eap-GFP were observed by fluorescence microscopy with a green fluorescent protein (GFP) filter.
RESULTS
A high concentration of sodium chloride triggers the detachment of biofilm matrix from S. aureus cells. Fractionation of cell surface proteins in S. aureus biofilms is necessary to determine which proteins are degraded by Esp and thereby to figure out how Esp destructs S. aureus biofilms. The cell surface proteins are composed of cell surface-associated proteins, including biofilm matrix proteins and cell wall-anchored proteins harboring an LPXTG motif. To date, cell wall-anchored proteins of S. aureus biofilms have been extensively examined by proteomic approaches (28) (29) (30) , but biofilm matrix proteins are largely unknown. It has been reported that a high concentration of salt (1 M NaCl) induces the release of TasA, a biofilm matrix protein, from Bacillus subtilis cells (31) . Here, we also used 1 M NaCl to detach biofilm matrix components from S. aureus cells. First, we prepared biofilms formed by S. aureus SH1000 (32), a laboratory strain frequently used for biofilm assays, and compared the surface structure of intact biofilms and that of 1 M NaCl-treated biofilms by scanning electron microscopy. As shown in Fig. 1A , SH1000 cells were em- 2 mg/ml dispersin B and then subjected to SDS-PAGE. Dispersin B was also subjected to SDS-PAGE as a control (lane 3). The arrow indicates insoluble materials stacked on the well, and the arrowhead represents dispersin B. In panels D and E, molecular sizes are given at the left. (F) The effect of 1 M NaCl extracts from biofilms on cell aggregation and attachment to an abiotic surface was examined. S. aureus MS4, which forms less biofilm, was incubated at 37°C for 1 h in the absence or presence of a 1 M NaCl extract from SH1000 biofilms. Cells attached to polystyrene dishes were stained with crystal violet. NaCl solution (1 M) instead of 1 M NaCl extract was added as a negative control.
bedded in adherent materials in the biofilm. After gently mixing with 1 M NaCl, surface-adherent materials were removed and the cell surface became more obvious (Fig. 1B) . In addition, networks of fibrillar structure were confirmed in a 1 M NaCl-extracted sample by scanning electron microscopy (Fig. 1C) . Notably, several proteins and insoluble materials that were stacked in the well of an SDS-polyacrylamide gel were observed in the biofilm matrix fraction (Fig. 1D, lane 3) . The insoluble materials were degraded by dispersin B (Fig. 1E) , a polysaccharide-degrading enzyme (33), but not proteinase K and DNase I, indicating that the biofilm matrix of SH1000 contains polysaccharides. This is consistent with the susceptibility of the SH1000 biofilm to dispersin B. Next, we examined whether 1 M NaCl extracts from S. aureus SH1000 are responsible for biofilm formation and cell aggregation. The extracts were added into the culture of S. aureus MS4, a clinically isolated methicillin-sensitive S. aureus (MSSA) strain. MS4 alone formed less biofilm, and buffer containing 1 M NaCl did not affect its biofilm formation (Fig. 1F ). The addition of 1 M NaCl extract from SH1000 biofilms triggered the cell aggregation and partial biofilm formation of MS4 (Fig. 1F) , suggesting that the treatment with a high concentration of NaCl enabled us to detach and yield S. aureus biofilm matrices. In addition, as described below, biofilm matrix proteins were identified by this technique combined with mass spectrometry. This is the first time that biofilm matrix proteins have been identified using a systems biology approach.
Profiles of biofilm matrix proteins and cell wall-anchored proteins of S. aureus clinical isolates. We examined the profiles of biofilm matrix proteins and cell wall-anchored proteins from a laboratory MSSA strain (SR6, a derivative of JCM 2874), clinically isolated MRSA strains (MR10 and MR23), and MSSA strains (MS4 and MS10) by 1D SDS-PAGE analyses. Interestingly, the profiles of proteins in the biofilm matrix ( Fig. 2A) and cell wall fractions (Fig. 2B) were distinct among the strains tested. The biofilm matrices of SR6 and MR10, both of which form a dispersin B-sensitive biofilm (F. Sato et al. unpublished data), contained insoluble materials ( Fig. 2A) , as seen in the SH1000 biofilm (Fig. 1D, lane 3) . Remarkably, the biofilm matrix of MR23, which forms proteinase K-susceptible and dispersin B-and DNase I-resistant biofilms (Sato et al. unpublished), contained two abundant proteins with molecular masses of approximately 60 kDa and 15 kDa (Fig. 2A) . The CBB-stained protein bands were then dissected and subjected to N-terminal amino acid sequence analysis. Homology searches based on the retrieved amino acid sequences (60-kDa band, A-A-K-P-L-D-K-S-S-S-X-L; 15-kDa band, S-E-G-Y-G-P-X/P-E-K-/E-K-P/K-V/P-V; X represents any amino acid) revealed that the predominant 60-kDa and 15-kDa proteins recovered were the extracellular adhesion protein (Eap), also known as the major histocompatibility complex (MHC) class II analog protein (Map), and the extracellular fibrinogen-binding protein (Efb), respectively. In contrast to the biofilm matrices from SH1000, SR6, and MR10, the biofilm matrix of MR23 lacked insoluble materials stacked on the top of an SDS-polyacrylamide gel. In addition, MS4 and MS10, which form proteinase K-and DNase I-sensitive and dispersin B-resistant biofilms, also did not contain them. Therefore, the existence of the insoluble materials stacked on the top of the gel could be one of the hallmarks of biofilm matrices composed of polysaccharides. To identify Esp target proteins, strain MR23 was used as described below, since this strain forms the most robust biofilm among the proteinaceous biofilm producers examined.
Degradation of specific proteins is required for Esp-dependent S. aureus biofilm disassembly. Previously, we showed using amidinophenylmethanesulfonyl fluoride (APMSF), a serine protease inhibitor, that proteolytic activity is involved in biofilm disassembly by Esp purified from S. epidermidis culture supernatant (20) . To more carefully examine whether proteolytic activity is involved in biofilm disassembly by Esp, we used a mutant Esp protein (Esp S235A ), which lacks proteolytic activity (34) (see Fig.  S1A in the supplemental material). As shown in Fig. 3A and Fig.  S1B in the supplemental material, wild-type Esp (Esp WT ) disassembled biofilms formed by MR23, while Esp S235A did not, thereby indicating that the proteolytic activity of Esp is essential for biofilm disassembly. Next, we treated preformed MR23 biofilms using various proteases, including thermolysin (metalloprotease), proteinase K (serine protease), and papain (cysteine protease), in addition to Esp (serine protease). MR23 biofilms were disassembled by the addition of all proteases tested (Fig. 3A) . Cell surface proteins (biofilm matrix and cell wall fractions) degraded by these proteases were examined according to the procedure described above ( Fig. 1 and 2) . Interestingly, proteinase K and papain degraded proteins in the biofilm matrix fraction almost completely, whereas Esp WT and thermolysin degraded certain specific proteins (Fig. 3B ). These differences were not due to the level of proteolytic activity (see Fig. S2 in the supplemental material). Of note, Esp WT degraded certain proteins in the biofilm matrix fraction (200 kDa, 85 kDa, and 70 kDa) (Fig. 3C) . Degradation of cell wall-anchored proteins by these proteases showed similar patterns; Esp WT and thermolysin degraded several specific proteins, while proteinase K and papain hydrolyzed many more proteins ( Fig. 3D; see Fig. S3 in the supplemental material). Esp WT significantly degraded a protein with a high molecular mass (200 kDa) in the cell wall fraction (Fig. 3D) . 
Esp degrades biofilm-associated proteins in the biofilm matrix fraction of S. aureus. Proteins, including ones specifically degraded by Esp
WT in the MR23 biofilm, were identified by a proteomic analysis (see Fig. S4 in the supplemental material). Proteins in the biofilm matrix fractions before and after treatment with Esp WT were subjected to one-dimensional SDS-PAGE. All visible protein bands in the sample without the treatment with Esp WT were cut out, and the proteins were extracted and identified by nano-liquid chromatography/tandem mass spectrometry (nano-LC-MS/MS) (see Fig. S4A in the supplemental material). Reference gels for the sample treated with Esp were also analyzed (see Fig. S4B in the supplemental material). Identified proteins with similar migration in SDS-polyacrylamide gels were compared between these two samples (e.g., see band 1A versus 1B and band 2A versus 2B in Fig. S4 in the supplemental material), and proteins that were identified only in the sample without the treatment with Esp WT were determined to be target proteins of Esp. As summarized in Table S1 in the supplemental material, Esp WT degraded at least 74 proteins in the biofilm matrix, including 10 secreted proteins harboring a secretion signal, 8 membrane proteins, 3 cell wall-anchoring proteins containing an LPXTG motif, 45 cytoplasmic proteins, and 8 proteins whose localization has not been determined. Among the proteins that were identified as targets of Esp in the biofilm matrix fraction, Atl (9, 10), ␤-toxin (19), Emp (13), FnBPA (14, 15) , and Spa (18) have been found to be responsible for S. aureus biofilm formation (Table 1) . Spa and FnBPA, cell wall-anchoring proteins harboring an LPXTG motif, are thought to be released from the cell wall by cell lysis, proteo- lytic processing, or unknown mechanisms and attach to the cell surface by noncovalent bonds during biofilm development. These biofilm-associated proteins play important roles in biofilm development as the glue in cell-to-cell and cell-to-surface interactions. It is therefore reasonable to consider that a primary mechanism of S. aureus biofilm disassembly triggered by Esp is proteolytic degradation.
Eap forms a biofilm matrix architecture and contributes to biofilm development. Eap was the most abundant protein in the biofilm matrix fraction of MR23, which was identified by N-terminal amino acid sequencing ( Fig. 2A) . Eap was also determined to be a target of Esp, since it was identified in the sample of the biofilm matrix fraction without Esp WT treatment (see bands 1A, 2A, 6A, 7A, 12A, and 13A in Fig. S4 in the supplemental material) but not in that with the treatment (see bands 1B, 2B, 6B, 7B, 12B, and 13B in Fig. S4 in the supplemental material; summarized in Table S1 in the supplemental material). However, the band intensity of Eap stained with CBB was changed slightly from before to after the Esp WT treatment (compare band 4A to band 4B in Fig. S4  in the supplemental material) . To assess more precisely whether Esp WT degrades Eap, we examined its degradation in vitro using purified recombinant Eap (Fig. 4A and B ) and in the biofilm using an anti-Eap polyclonal antibody (Fig. 4C and D) . Eap was gradually degraded within 24 h in vitro and in the biofilm, indicating that Eap is a target of Esp.
To address the role of Eap in biofilm formation, we used a Brevibacillus choshinensis expression-secretion system which enables us to produce a particular protein in the extracellular environment (23) . As shown in Fig. 5 , extracellular production of recombinant Eap fused to a C-terminal His 6 tag triggered cell aggregation and biofilm formation of B. choshinensis cells, whereas Efb (48), the other abundant protein in the biofilm matrix fraction of MR23 ( Fig. 2A) , did not. A large amount of recombinant Eap was purified from the cell-associated fraction (Fig. 5C ), indicating that Eap was predominantly associated with the surface of B. choshinensis cells. In addition, the purified recombinant Eap was supplemented into medium at the beginning of biofilm formation of S. aureus MS4, which forms less biofilm and also shows less extracellular proteolytic activity. As shown in Fig. 5D , Eap stimulated the biofilm formation of S. aureus MS4 in a dose-dependent manner, while recombinant Efb only slightly affected the biofilm formation. These results clearly indicate that Eap potentially contributes to biofilm formation not only by S. aureus but also by B. choshinensis.
In order to visualize the cellular localization of Eap in S. aureus biofilms, C-terminal green fluorescent protein-fused Eap (Eap- GFP) was expressed in MR23 biofilms. As a control, GFP uv was also expressed using the same plasmid. GFP uv spread inside the cell (Fig. 6A) , whereas Eap-GFP localized on the cell surface after 1 day (Fig. 6B) . A similar cellular localization pattern of Eap was observed by immunofluorescence microscopy (see Fig. S5 in the supplemental material). Interestingly, an increased amount of Eap-GFP localized on the cell surface and formed biofilm matrix structures after 2 days. To our knowledge, this is the first time that biofilm matrix architectures composed of Eap have been visualized during S. aureus biofilm formation.
Esp degrades specific proteins in the cell wall fraction of S. aureus. Proteins degraded by Esp WT in the cell wall fraction of MR23 biofilms were also identified by a similar procedure for the biofilm matrix fraction. As shown in Fig. S6 in the supplemental material, FnBPA and the Ser-Asp repeat-containing protein D (SdrD) (35) were identified as target proteins of Esp. Spa was detected as a major cell wall-anchored protein, but no significant degradation was observed after the Esp WT treatment (see Fig. S6 in the supplemental material). In contrast, non-cell wall-anchored Spa (in the biofilm matrix fraction) was degraded by Esp WT , as mentioned above (see Table S1 in the supplemental material). This discrepancy suggested that cell wall-anchored Spa is not degraded by Esp in the biofilm. To address this possibility more precisely, Western blotting was performed using cell wall and biofilm matrix fractions from MR23 biofilms treated with Esp WT . The Spa in the biofilm matrix fraction was degraded immediately after the addition of Esp WT , while that in the cell wall fraction was not (Fig. 7A) . Purified Spa was also degraded by Esp WT in vitro ( Fig. 7B  and C) , suggesting that cell wall-anchored Spa is protected in the biofilm from the proteolytic action of Esp, presumably by a mechanism in which its processing sites are embedded in cell wall or biofilm matrix materials.
Esp degrades human ECM and plasma proteins important for host-pathogen interaction. S. aureus is a pathogen of medical device-associated infection. Host ECM and plasma proteins cover the devices soon after insertion, and thus, the specific interaction between these proteins and S. aureus surface proteins is important for colonization and infection. We have reported that Esp not only disassembles S. aureus biofilms but also inhibits its nasal colonization (20) . To elucidate how S. aureus colonization is inhibited and how Esp affects the host-pathogen interaction, we tested whether several human proteins are degraded by Esp. Recently, it has been reported that the presence of Hg in nasal secretions contributes to S. aureus nasal colonization via prevention of the agr quorum-sensing system (49) . We first asked whether Hg is degraded by Esp WT in vitro. As shown in Fig. 8A , no degradation of Hg was observed. We next tested whether major human ECM and plasma proteins, such as Fn, Fg, and Vn, are degraded by Esp WT in vitro, since they are key receptors for S. aureus colonization on human epithelial and endothelial cells (50) (51) (52) . Fn was degraded into various fragments (Fig. 8B) , while Vn was partially processed to a 40-kDa fragment (Fig. 8C ). In the case of Fg, which is composed of 2 sets of 3 chains designated the ␣, ␤, and ␥ subunits (53), only ␣ chains were digested by Esp WT (Fig. 8D ). Several biofilm-associated proteins (Atl, Emp, FnBPA, Eap, and Spa) and adhesins (Efb, IsdA, and SdrD), all of which interact with host ECM and plasma proteins (18, 35, 37-40, 45, 46, 48) , were degraded by Esp. In addition, SceD, a protein essential for colonization of S. aureus in a cotton rat model (47), was also degraded by Esp. These results together suggest that this protease could inhibit nasal colonization of S. aureus presumably via degradation of S. aureus surface proteins and host receptors that are crucial for host-pathogen interactions.
DISCUSSION
Once a biofilm is fully developed, it can be disassembled to single cells or larger clusters through both mechanical and active processes (54) . Biofilm disassembly is crucial for the dissemination of bacteria to other colonization sites and triggered by several factors, such as enzymes (proteases, glycosidases, and DNases) and surfactants (phenol-soluble modulins) that degrade or solubilize adhesive molecules in the biofilm matrix (55) (56) (57) . An in-depth understanding of biofilm disassembly mechanisms could not only provide fundamental insights into bacterial lifestyles associated with infectious diseases but also lead to treatment options. To date, several approaches to disassemble and eliminate biofilms formed by various bacterial species have been reported. These approaches use biofilm matrix-degrading enzymes, such as bovine DNase I (58), dispersin B (59), and lysostaphin (60) , and small molecules, such as D-amino acids (61) and norspermidine (62) .
In the present study, we focused on extracellular serine protease Esp produced by commensal S. epidermidis and molecular mechanisms of Esp-dependent disassembly of pathogenic S. aureus biofilms (20) . We identified 75 cell surface-associated proteins (in the biofilm matrix and cell wall fractions) as targets of Esp in the biofilm of MRSA (see Table S1 in the supplemental material). They include several known biofilm-associated proteins (Table 1), such as Atl (9, 10), ␤-toxin (19), Emp (13), FnBPA (14, 15) , and Spa (18) . They play important roles in biofilm development as the glue in cell-to-cell or cell-to-surface interactions. It has previously been shown that Eap contributes to the biofilm development of S. aureus Newman under certain conditions (e.g., iron-depleted conditions and serum-containing conditions) (13, 40) . In these studies, an S. aureus eap-deletion mutant was used to evaluate the role of Eap in biofilm development. Considering the fact that biofilm formation is a multifactorial event, a single-gene deletion could be compensated for by other factors, and thus, no phenotype may be observed. In the case of extracellular proteins, supplementation of the purified protein into the culture of biofilmnegative strains is an efficacious approach. In this study, we found that supplementation of recombinant Eap increased the biofilm formation of S. aureus MS4, a biofilm-negative strain (Fig. 5D ). In addition, heterologous expression of specific genes in biofilmnegative bacterial species can be an alternative strategy. Using a Brevibacillus expression-secretion system, we also proved that Eap stimulates cell aggregation and biofilm formation and it strongly bound to the cell surface (Fig. 5A to C) . Furthermore, Eap formed a structural framework in the biofilm matrix ( Fig. 6B ; see Fig. S5 in the supplemental material). Our proteomic and immunological analyses revealed that Esp degrades Eap ( Fig. 4 ; see Table S1 in the supplemental material), in addition to the other biofilm-associated proteins mentioned above. It is therefore reasonable to consider that a primary mechanism of S. aureus biofilm disassembly triggered by Esp is proteolytic degradation of these biofilm-associated proteins.
Several biofilm-associated proteins, such as Atl (37), Emp (46), FnBPA (38) , Eap (39) , and Spa (18) , as well as adhesins, such as Efb (48) , IsdA (45) , and SdrD (35), interact with host ECM and plasma proteins. They therefore play an important role in the infection of host cells by S. aureus. Our results indicate that Esp degrades these surface proteins of S. aureus (Table 1) and human ECM and plasma proteins, such as Fn, Fg, and Vn (Fig. 8) . In addition, SceD, a protein essential for nasal colonization of S. aureus in cotton rats (47) , is also degraded by Esp (Table 1; see  Table S1 in the supplemental material). These results together suggest that Esp inhibits nasal colonization of S. aureus presumably via degradation of S. aureus surface proteins and host receptors that are crucial for the pathogen-host interaction.
Surface proteins of S. aureus are known to be important for causing infectious diseases in humans, ranging from minor skin infections to severe infections (1). SdrD, Spa, IsdA, and Emp are necessary for abscess formation (36) . Of note, Eap has drawn the attention of researchers because of its importance in various aspects of infection (e.g., anti-inflammatory and antiangiogenic properties and abscess formation) (41, 42) . Immunoglobulinbinding proteins Spa and Sbi contribute to immune evasion by forming complexes with VH3-type IgM on the surface of B cells, pathogen-specific antibodies, or complement factor 3d (43, 44) . Efb is also associated with immune evasion through the binding to the ␣ chain of complement factor 3 (63) . Our data clearly indicate that Esp degrades these surface proteins and toxins, such as ␤-toxin and coagulase (Table 1; see Table S1 in the supplemental material), suggesting that Esp might be applicable for the prevention or treatment of infectious diseases caused by this pathogen. However, we should pay attention to the use of Esp for therapeutic purposes, since the safety of this protease has not yet been established. Development of a vaccine targeting proteins that are degraded by Esp and also contribute to S. aureus biofilm formation and colonization of human skin and the human nasal cavity could be an alternative approach.
